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Description 

SWITCHED CAPACITOR CIRCUIT 
CAPABLE OF MINIMIZING CLOCK 
FEEDTHROUGH EFFECT AND HAVING 
LOW PHASE NOISE AND METHOD 

THEREOF 

Background of Invention 
[000 1 ] 1. Field of the Invention 

[0002] The present invention relates to a switched capacitor cir- 
cuit, and more particularly, to a switched capacitor circuit 
having low phase noise used in a voltage controlled oscil- 
lator (VCO) for minimizing the clock feedthrough effect 
and thereby preventing a VCO frequency drift phe- 
nomenon during the calibration and the synthesizer phase 
locking periods. 

[0003] 2. Description of the Prior Art 

[0004] a voltage controlled oscillator (VCO) is commonly used for 



frequency synthesis in wireless communication circuits. As 
indicated by Welland, et al. in US Patent No. 6,226,506, a 
wireless communication system typically requires fre- 
quency synthesis in both its receiving and transmitting 
path circuitries. 

[0005] pig.l shows a prior art VCO circuit. An LC type VCO used 
in a frequency synthesizer contains a resonator 10 with a 
basic resonant structure including an inductor 12 con- 
nected between a first oscillator node OSC_P and a second 
oscillator node OSC_N. Connected in parallel with the in- 
ductor 12 is a continuously variable capacitor 14 and a 
plurality of discretely variable capacitors 16. The continu- 
ously variable capacitor 14 is used for fine-tuning a de- 
sired capacitance while the plurality of discretely variable 
capacitors 16 is used for coarse tuning. The resistive loss 
of the parallel combination of the inductor 12 and the ca- 
pacitors 14, 16 is compensated by a negative resistance 
generator 18 for sustaining the oscillation. 

[0006] Each discretely variable capacitor in the plurality of dis- 
cretely variable capacitors 16 is made up of a switched 
capacitor circuit 20 and each switched capacitor circuit is 
controlled by an independent control signal (SW_1 to 
SW_N). Based on the control signal SW_N, the switched ca- 



pacitor circuit 20 selectively connects or disconnects a ca- 
pacitor 24 to the resonator 10 of the VCO. Different on/ 
off combinations of the switched capacitor circuits 20 re- 
sult in a wider capacitance range of the LC type resonator 
10 and hence providing a wider VCO oscillation frequency 
coverage. 

[0007] pig. 2 shows a switched capacitor circuit 20a according to 
the prior art. A capacitor 30 is connected between the first 
oscillator node OSC_P and a node A. A switch element 32 
selectively connects node A to ground, and the switch ele- 
ment 32 is controlled by a control signal SW. When the 
switch element 32 is turned on, the capacitance associ- 
ated with the capacitor 30 is added to the overall capaci- 
tance in the VCO resonator 10. When the switch element 
32 is turned off, the capacitance looking into the first os- 
cillator node OSC_P is the serially combined capacitor 30 
and the off state capacitance associated with the switch 
element 32. 

[0008] pig. 3 shows a differential type switched capacitor circuit 
20b according to the prior art. The differential type 
switched capacitor circuit has a much greater common- 
mode noise rejection ratio and is thus widely used in 
high-speed integrated circuit environments. In the differ- 



ential switched capacitor circuit 20b, a positive side ca- 
pacitor 40 is connected between the first oscillator node 
OSC_P and a node A. A positive side switch element 42 
selectively connects node A to ground. A negative side ca- 
pacitor 44 is connected between the second oscillator 
node OSC_N and a node B. A negative side switch element 
46 selectively connects node B to ground. The two switch 
elements 42, 46 are controlled by the same control signal 
SW. When the switch elements 42, 46 are turned on, the 
capacitance associated with the serially combined of the 
positive and negative side capacitors 40, 44 is added to 
the overall capacitance in the VCO resonator 10. When the 
switch elements 42, 46 are turned off, the differential in- 
put capacitance is the serially combined of the positive 
and negative side capacitors 40, 44 and the parasitic ca- 
pacitances of the switch elements 42 and 46. The overall 
input capacitance when both switch elements 42, 46 are 
turned off is lower than that when both switch elements 
42, 46 are turned on. 
[0009] pig. 4 shows a second differential type switched capacitor 
circuit 20c according to the prior art. The second differ- 
ential switched capacitor circuit 20c includes the same 
components as shown in the first differential switched ca- 



pacitor circuit 20b except an additional center switch ele- 
ment 48 is used to lower the overall turn-on switch resis- 
tance connected between the nodes A and B. All three 
switch elements 42, 46, 48 are controlled by the same 
control signal SW. When the switch elements 42, 46, 48 
are turned on, the capacitance associated with the serially 
combined positive and negative side capacitors 40, 44 is 
added to the overall capacitance in the VCO resonator 10. 
When the switch elements 42, 46, 48 are turned off, the 
differential input capacitance is the serially combined 
positive and negative side capacitors 40, 44 and the para- 
sitic capacitances of the switch elements 42, 46 and 48. 
The overall input capacitance when all switch elements 42, 
46, 48 are turned off is lower than that when all switch el- 
ements 42, 46, 48 are turned on. 
[0010] Regardless of whether the single ended implementation 
shown in Fig. 2 or one of the differential implementations 
shown in Fig. 3 and Fig. 4 is used, when the switched ca- 
pacitor circuit 20a, 20b, 20c is turned off, a momentary 
voltage step change occurs at node A (and, in the case of 
the differential implementations, also at node B). The mo- 
mentary voltage step causes an undesired change in the 
overall capacitance, and ultimately, an undesired change 



in the VCO frequency. Because NMOS switches are used in 
the examples shown in Fig. 2, Fig. 3, and Fig. 4, the mo- 
mentary voltage step change is a voltage drop when the 
switch elements 32, 42, 46, 48 are turned off. In other p- 
type transistor based implementations, the momentary 
voltage step could also be a voltage spike. 
1 ] Using the single ended case shown in Fig. 2 as an exam- 
ple, when the switch element 32 is turned off, charge car- 
riers are injected into the junction capacitance connected 
between the first terminal and the second terminal of the 
switch element 32. The injection produces an undesired 
voltage step change across the capacitive impedance and 
appears as a voltage drop at node A. This effect is known 
as the clock feedthrough effect and appears as a 
feedthrough of the control signal SW from the control ter- 
minal of the switch element 32 to the first and second 
terminals of the switch element 32. When the switch ele- 
ment 32 is turned on, node A is connected to ground so 
the feedthrough of the control signal SW is of no conse- 
quence. However, when the switch element 32 is turned 
off, the feedthrough of the control signal SW causes a 
voltage step, in the form a voltage drop in the implemen- 
tation shown in Fig. 2, to appear at node A. Because of the 



dropped voltage at node A, the diode formed by the N + 
diffusion of the switch element 32 and the P type sub- 
strate in the off state will be slightly forward biased. The 
voltage level at node A will spike low and then recover to 
ground potential as the slightly forward biased junction 
diode formed by the switch element 32 in the off state al- 
lows subthreshold and leakage currents to flow. The volt- 
age drop and recovery at node A changes the loaded ca- 
pacitance of the VCO resonator 10 and causes an unde- 
sired momentarily drift in the VCO frequency. 
[° 012 ] Similarly, when the differential switched capacitor circuit 
20c shown in Fig. 4 switches off, it suffers from the same 
clock feedthrough effect problem at node A and at node 
B. The positive side node A has an undesired voltage step 
change caused by the clock feedthrough effect of both the 
positive side switch element 42 and the center switch ele- 
ment 48. Similarly, the negative side node B has an unde- 
sired voltage step change caused by the clock 
feedthrough effect of both the negative side switch ele- 
ment 46 and the center switch element 48. The voltage 
step change and recovery at node A and node B changes 
the loaded capacitance of the VCO resonator 10 and 
causes an undesired momentary drift in the VCO fre- 



quency. 
Summary of Invention 

[0013] one objective of the claimed invention is therefore to pro- 
vide a switched capacitor circuit capable of minimizing the 
clock feedthrough effect to solve the above-mentioned 
problem of an undesired momentary drift in the voltage 
controlled oscillator frequency. 

[0014] According to the claimed invention, a switched capacitor 
circuit is disclosed comprising a capacitor; a first switch 
element for selectively coupling a first node to a second 
node according to a control signal, wherein the first node 
is coupled to the capacitor; and a charge circuit coupled 
to the first node for coupling the first node to a third node 
and for controlling a voltage difference across the first 
switch element in the off-state to approach a predeter- 
mined charge voltage. 

[0015] Also according to the claimed invention, a switched ca- 
pacitor circuit is disclosed comprising: a positive side ca- 
pacitor; a negative side capacitor{904}; a first positive side 
switch element{906} for selectively coupling a first posi- 
tive side node{node A} to a second node{GND/VDD} ac- 
cording to a control signal{SW}, wherein the first positive 
side node is coupled to the positive side capacitor; a first 



negative side switch element{908} for selectively coupling 
a first negative side node{node B} to the second 
node{GND/VDD} according to the control signal{SW}, 
wherein the first negative side node{node B} is coupled to 
the negative side capacitor{902}; and a charge circuit{912} 
coupled to the first positive side node{node A} and the 
first negative side node for coupling the first positive side 
node and the first negative side node to a third 
node{VDD/GND} and for controlling a first voltage differ- 
ence across the first positive side switch element in the 
off-state and a second voltage difference across the first 
negative side switch element in the off-state to approach 
a predetermined charge voltage. 
[0016] Also according to the claimed invention, a method is dis- 
closed for controlling a switched capacitor circuit, the 
method comprising the following steps: providing a ca- 
pacitor and a first switch element; disconnecting a first 
node from a second node according to a control signal 
utilizing the first switch element, wherein the first node is 
coupled to the capacitor; and coupling the first node to a 
third node for controlling a voltage difference across the 
first switch element in the off-state to approach a prede- 
termined charge voltage. 



[0017] Also according to the claimed invention, a method is dis- 
closed for controlling a switched capacitor circuit, the 
method comprising the following steps: providing a posi- 
tive side capacitor and a first positive side switch element; 
providing a negative side capacitor and a first negative 
side switch element; disconnecting a first positive side 
node and a first negative side node from the second node 
according to the control signal respectively utilizing the 
first positive side switch element and the first negative 
side switch element, wherein the first positive side node is 
coupled to the positive side capacitor and the first nega- 
tive side node is coupled to the negative side capacitor; 
and coupling the first positive side node and the first neg- 
ative side node to the third node such that a first voltage 
difference across the first positive side switch element in 
the off-state and a second voltage difference across the 
first negative side switch element in the off-state both 
approach a predetermined charge voltage. 

[0018] These and other objectives of the claimed invention will 
no doubt become obvious to those of ordinary skill in the 
art after reading the following detailed description of the 
preferred embodiment that is illustrated in the various 
figures and drawings. 



Brief Description of Drawings 

[0019] pig.l is a schematic diagram of a prior art Voltage Con- 
trolled Oscillator (VCO) circuit used in a frequency synthe- 
sizer. 

[0020] pig. 2 is a switched capacitor circuit used in the VCO of 

Fig.l according to the prior art. 
[0021] pig. 3 is a differential type switched capacitor circuit used 

in the VCO of Fig.l according to the prior art. 
[0022] Fig. 4 is the differential type switched capacitor circuit of 

Fig. 3 with the addition of a center switch element. 
[0023] Fig. 5 is a switched capacitor circuit according to a first 

embodiment of the present invention. 
[0024] Fig. 6 is a parasitic diode formed by the switch element in 

Fig. 5 in the off position. 
[0025] Fig. 7 is a capacitance vs. reverse voltage diagram of the 

parasitic diode shown in Fig. 6. 
[0026] Fig. 8 shows an equivalent switch element of Fig. 5 and an 

equivalent VCO. 

[0027] Fig. 9 is a differential switched capacitor circuit according 
to a second embodiment of the present invention. 

[0028] Fig. 10 is a differential switched capacitor circuit according 
to a third embodiment of the present invention. 

[0029] Fig. 11 is a flowchart describing a method of controlling a 



switched capacitor circuit according to the present inven- 
tion. 

Detailed Description 



[0030] pig. 5 shows a switched capacitor circuit 500 according to 
a first embodiment of the present invention. In Fig. 5, the 
switched capacitor circuit 500 comprises a capacitor 502, 
a first switch element 504, and a charge circuit 506. The 
charge circuit 506 includes a second switch element 508 
(configured as a diode), and a third switch element 510. 
The capacitor 502 is connected between the first oscillator 
node OSC_P and a node A. The first switch element 504 
selectively connects node A to the second node, which is 
ground, according to a control signal SW. The charge cir- 
cuit 506 is connected to node A for coupling node A to a 
supply voltage VDD when the switched capacitor circuit 
500 is switched off according to the control signal SW. To 
switch off the switched capacitor circuit 500, the control 
signal SW drops to a logic low value. The charge circuit 
506 couples node A to the supply voltage VDD, charging 
node A and preventing the momentary voltage step at 
node A caused by the clock feedthrough effect. Addition- 
ally, a parasitic capacitance associated with the parasitic 
diode formed by the first switch element 504 in the off 



position is minimized by the constant voltage formed 
across the first switch element 504 by the charge circuit 
506, and a phase noise of the VCO circuit is thereby re- 
duced. It should also be noted that because the second 
switch element 508 has its gate and drain shorted to- 
gether, it is equivalent to a diode. For this reason, the 
second switch element 508 could also be replaced with a 
diode. 

[0031] pig. 6 shows a parasitic diode 600 formed by the first 

switch element 504 in the off position in Fig. 5. The para- 
sitic diode 600 acts as a varactor 602 connected between 
the node A and the second node, which is ground in the 
first embodiment of the present invention. The varactor 

602 has a parasitic capacitance of C determined by the 

p 

voltage V at node A in Fig. 5. 
[0032] pig. 7 shows a capacitance vs. reverse voltage diagram of 
the varactor 602 shown in Fig. 6. As the reverse voltage 
(-V ) across the varactor 602 changes, the associated 
parasitic capacitance exchanges. However, this change is 
not linear. Reverse voltages within the threshold voltage V 
of the first switch element 52 have the greatest parasitic 
capacitance C p changes. The present invention uses this 
fact to charge node A to a voltage much larger than the 



threshold voltage of the switch element 52. This means 

that if charge on node A leaks to ground through the first 

switch element 32, the parasitic capacitance will remain 

approximately the same. In this way, the locking period of 

the VCO is shortened and the present invention allows the 

frequency synthesizer to reach a stable state faster than 

the prior art implementations. 

[0033] pig. 8 shows an equivalent switch element 800 and an 

equivalent VCO 802. The equivalent switch element 800 

formed by the first switch element 504 of Fig. 5 in the off 

position includes a parasitic resistance R , the parasitic 

p 

capacitance C , and a noise source V , which comes from 

P n 

substrate noise and thermal noise. The equivalent VCO 
802 includes a resistor R , the value of which is equal to 
the equivalent impedance of the VCO circuit. The current I 

n 

flowing through node A is determined from the following 
formula: 

/ M = -f = (formula 1) 

[0034] where f is the frequency of the VCO oscillation and V is 
the overall noise, which contributes to the phase noise of 
the VCO circuit seen at node A. 



[0035] By solving formula 1 for the overall phase noise V , the 
following formula is obtained: 



V 

V sl = *- (formula 2) 

(R, +R+ ) 

[0036] At a constant frequency value such as 1GHz, it can be 

seen from the above formulas that by minimizing the par- 
asitic capacitance C of the equivalent switch element 

p 

800, the overall noise V is minimized. Therefore, it de- 

nl 

sirable to have a low parasitic capacitance C . Because of 

p 

this, the present invention provides a constant reverse 
bias voltage V across the varactor 602, which produces a 

A 

smaller C p value and reduces the phase noise. By coupling 
node A to a constant supply voltage, the voltage V at 
node A approaches a constant potential of VDDV -V , 

rr ^ 510 508 

where V and V are the voltage differences across the 

510 508 3 

switch elements 510 and 508, respectively. Furthermore, 
V is a small value as compared with V , and there- 

510 ^ 508 

fore, V is basically equal to VDD V . In this way, the 

A 7 M 508 7 

phase noise associated with the switched capacitor circuit 
500 according to the present invention is lower than that 
of the prior art implementations. By ensuring the reverse 



bias voltage V a is greater than a predetermined threshold, 
the present invention can reduce the noise V on node A 
and hence the phase noise of the VCO is reduced to a de- 
sired level. 

[0037] pig. 9 is a differential switched capacitor circuit 900 ac- 
cording to a second embodiment of the present invention. 
The differential switched capacitor circuit 900 comprises a 
positive side capacitor 902, a negative side capacitor 904, 
a first positive side switch element 906, a first negative 
side switch element 908, a center switch element 910, 
and a charge circuit 912. In the second embodiment of 
the present invention, the charge circuit 912 includes a 
second positive side switch element 916, a second nega- 
tive side switch element 918, and a third switch element 
914. 

[0038] The positive side capacitor 902 is connected between the 
first oscillator node OSC_P and a node A, and the negative 
side capacitor 904 is connected between the second oscil- 
lator node OSC_N and a node B. The first positive side 
switch element 906 selectively connects node A to ground 
according to a control signal SW, and the first negative 
side switch element 908 selectively connects node B to 
ground according to the control signal SW. In the pre- 



ferred differential embodiment of the present invention, 
the center switch element 910 selectively connects node A 
to node B according to the control signal SW, however, 
other embodiments not including the center switch 910 
are also fully supported by the present invention. The 
charge circuit 912 is connected to node A and node B for 
precharging nodes A and B to a charge voltage when the 
switched capacitor circuit 900 is switched off according to 
the control signal SW. In this embodiment, the charge 
voltage is substantially equal to the constant supply volt- 
age VDD minus the voltage drops across the third switch 
element 914 and the second positive and negative side 
switch elements 916, 918; however, other constant charge 
voltages are also acceptable. In the charge circuit 912, the 
third switch element 914 selectively couples a node C to 
the constant supply voltage VDD according to the control 
signal SW. The gate and the drain of the second positive 
side switch element 916 are connected to node C and the 
source of the second positive side switch element 916 is 
connected to node A. Likewise, the gate and the drain of 
the second negative side switch element 918 are con- 
nected to node C and the source of the second negative 
side switch element 918 is connected to node B. 



[0039] As in the single ended embodiment shown in Fig. 5, to 
switch off the differential switched capacitor circuit 900, 
the control signal SW drops to a logic low value. The 
charge circuit 912 then couples node A and node B to the 
charge voltage VDD, charging nodes A and B and prevent- 
ing the momentary voltage step at nodes A and B caused 
by the clock feedthrough effect. More specifically, the 
third switch element 914 couples node C to the constant 
supply voltage VDD (minus a small voltage drop across 
the third switch element 914), and the second positive 
and negative switch elements 916, 918 act as forward bi- 
ased diodes and couple node C to nodes A and B (minus a 
small voltage drop across the second positive and nega- 
tive switch element 916, 918, respectively). Additionally, 

the parasitic capacitance C associated with the varactors 

p 

63 formed by the first positive side switch element 906, 
the first negative side switch element 908 and the center 
switch 910 in the off position is minimized, which reduces 
the phase noise of the VCO. 
[0040] Fig. 10 is a differential switched capacitor circuit according 
to a third embodiment of the present invention. The dif- 
ferential switched capacitor circuit 1000 according to the 
third embodiment of the present invention comprises the 



same components as the differential switched capacitor 
circuit according to the second embodiment, however, in 
the third embodiment, the second positive switch element 
916 and the second negative switch element 918 have 
been replaced with a first diode 1004 and a second diode 
1006, respectively. Because the gate and the drain of the 
second positive side switch element 916 are shorted to- 
gether and because the gate and the drain of the second 
negative side switch element 918 are shorted together, 
the second positive and negative switch elements 916, 
918 are actually acting as forward biased diodes when the 
capacitor switch is in the off-state. In Fig. 9, the cathodes 
of the first diode 1004 and the second diode 1006 are 
connected to nodes A and B, respectively. The anodes of 
the first diode 1004 and the second diode 1006 are con- 
nected directly to the constant power supply VDD. In this 
way, the charge circuit ensures the that when the capaci- 
tor switch 1000 is in the off state (controlled according to 
the control signal SW), the voltage difference across the 
first positive and negative switch elements 906, 908 is 
equal to the constant voltage VDD minus the voltage 
drops associated with the second switch element 914 and 
the respective voltage drops of the first and second 



diodes 1004, 1006. It should be noted that in other em- 
bodiments of the present invention, different constant 
supply voltages other than VDD can also be used. 
[0041] Fig. 11 is a flowchart describing a general method of con- 
trolling a switched capacitor circuit according to the 
present invention. The flowchart includes the following 
steps: 

[0042] step 1100:Provide a capacitor and a switch element. One 
terminal of the capacitor is connected to a first node, and 
the first node is connected to the switch element. 

[0043] step 1102:Disconnect the first node from a second node 
using the switch element. 

[0044] step 1104:Couple the first node to a third node for con- 
trolling a voltage difference across the switch element in 
the off-state to be greater than a predetermined charge 
voltage. The charge voltage can be substantially equal to a 
constant voltage such as VDD (minus some small voltage 
drops associated with the coupling of the first node to the 
third node), or another voltage level that ensures the par- 
asitic capacitance C of the switch element is minimized. 

p 

In this way, the clock feedthrough effect is eliminated, the 
locking period of the VCO is shortened, and the phase 
noise of the VCO is minimized. 



[0045] ^ should also be noted that although MOS transistors are 
used as the switch devices throughout the diagrams of the 
detailed description of the preferred embodiment, this is 
for example only and BJT transistors are also supported by 
the present invention. Using BJTs, because the second 
switch element 508 has its base and collector shorted to- 
gether, it is configured as a diode. Additionally, both pos- 
itive and negative logic can be used with respect to the 
control signal SW. In the embodiment of a logic low on the 
control signal SW causing the switched capacitor circuit to 
disconnect the capacitor from the VCO (as shown in the 
diagrams throughout the detailed description of the pre- 
ferred embodiment), the first (positive and negative) 
switch{504} elements 504, 906, 908 are n-type transis- 
tors, the third switch{510} elements 510, 914 are p-type 
transistors, the second node{ground} is ground, and the 
third node{VDD} is a constant supply voltage. In an alter- 
nate embodiment of a logic high on the control signal SW 
causing the switched capacitor circuit to disconnect the 
capacitor from the VCO, the first (positive and negative) 
switch{504} elements 504, 906, 908 are p-type transis- 
tors, the third switch{510} elements 510, 914 are n-type 
transistors, the second node{VDD} is a constant supply 



voltage, and the third node{GND} is ground. 
[0046] Those skilled in the art will readily observe that numerous 
modifications and alterations of the device may be made 
while retaining the teachings of the invention. Accord- 
ingly, the above disclosure should be construed as limited 
only by the metes and bounds of the appended claims. 



